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A B S T R A C T   
Phase change heat transfer in nanoporous shape-stabilised phase change materials (ss-PCMs) is of 
great importance for the efficient utilization of novel energy storage materials. However, the lack 
of thermodynamic properties hinders the study on phase change heat transfer. In this paper, we 
selected the binary chloride salts (NaCl–KCl), the promising high-temperature energy storage 
materials for concentrating solar power, and computed their melting point using the molecular 
dynamics method. This study not only provides the most fundamental thermal information for the 
study on phase change heat transfer but reveals the mechanism of the size dependence of melting 
point from the aspect of the atoms. It is found that the ions in small nanoclusters vibrate more 
intensely and the crystal structure is easier to be destroyed, leading to lower melting point. The 
ion self-diffusion coefficient is also computed and analysed from the local microstructure; and it is 
found that the coefficient is not affected remarkably by the component and the size of 
nanoclusters.   
1. Introduction 
Renewable energy resources, such as solar energy and industrial waste heat, have enormous potential to cope with the growing 
global energy consumption [1,2]. Moreover, using these energy resources will not emit extra CO2 and thus they are 
environmentally-friendly. However, due to the disadvantage of intermittence and instability, some renewable resources are not 
continuously available, which seriously hampers their performance [3]. One of the solutions is using the latent heat thermal energy 
storage (LHTES) which stores the surplus heat in phase change material (PCM) and releases it when the energy is needed [4,5]. 
However, the thermal energy storage (TES) system using the pure PCM commonly suffers from the leakage problem and the low 
thermal conductivity [6]. To overcome these drawbacks, the most popular method is to impregnate PCMs into 
high-thermal-conductivity materials to fabricate shape-stabilised phase change materials (ss-PCMs) [7,8]. According to the pore size of 
the support materials, ss-PCMs are classified as macroporous (>50 nm), mesoporous (2–50 nm), microporous (<2 nm) and hierarchical 
porous (ranging from macro to micro) composite materials [9]. 
The phase change heat transfer in porous ss-PCMs is of fundamental importance for determining thermal-fluidic behaviours and 
evaluating the performance of TES systems [10,11]. However, according to a recent review of phase change heat transfer in porous 
ss-PCMs [3], almost all the studies on phase change heat transfer in the recent 20 years are performed on macroporous ss-PCMs, while 
the investigations on mesoporous, microporous and hierarchical porous ss-PCMs are still lacking. In the meanwhile, it is noticed that 
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the research on preparation of nanoporous, especially mesoporous and hierarchical porous, ss-PCMs has been developed rapidly in 
recent years. In other words, there exists a research gap between material preparation and phase change heat transfer, which hinders 
the full use of new materials. One of the challenges of investigating phase change heat transfer in nanoporous ss-PCMs is that, as PCMs 
are embedded in nanopores, their thermodynamic properties - such as melting point - may differ from those in the bulk state and thus 
these thermal parameters are lacking. 
The difference in melting point between nanoscale materials and bulk materials has been observed by many researchers. Lee et al. 
[12] synthesized Pd nanowires using mesoporous silica template and investigated the thermal behaviour of Pd nanowires. In their 
research, the melting point of Pd nanowire with a diameter of 4.6 nm was observed 300 ◦C, a depression of more than 1100 ◦C 
compared to the bulk melting point (1445 ◦C). Later, Petrova et al. [13] prepared Au nanorods (aspect ratio = 3.3, length = 73±4 nm) 
using a modified version of solution phase synthesis [14]. Their experimental results indicated that at 250 ◦C, the Au nanorods are 
completely converted to spheres, while the melting point of bulk Au is over 1000 ◦C. Wang et al. [15] prepared Zn nanowires with 
different diameters using porous anodic alumina membrane and found that the melting point showed a strong dependence on the 
nanowire size and was curvilinear with the reciprocal of the nanowire diameter. 
The depression of melting point in nanoporous ss-PCMs has also been reported by many researchers. Nomura et al. [16] prepared 
ss-PCMs by impregnating octadecane into mesoporous SiO2 and found that the melting point of PCM decreased with the decreasing 
average pore size. Mitran et al. [17] fabricated ss-PCMs composed of lauric acid and mesoporous silica. Their results indicate that the 
melting point of LA1-MCF0.5 is of 10 ◦C lower than that of the pure PCM. Liu et al. [18] found the melting point showed a linear 
relation with the inverse pore size in their synthesized ss-PCM and by manipulating the pore size, the melting point can be regulated 
over 90 ◦C. 
In fact, it is normally difficult to use experimental method to measure the melting point of nanoscale materials due to technical 
limitations and extreme conditions [19,20]. Thus, some researchers sought an alternative method and adopted molecular dynamics 
(MD) simulation to investigate the melting of nanoscale materials. Wen et al. [21] studied the melting process of Ni nanowires using 
the MD method with the quantum Sutten-Chen many-body force field. Meanwhile, the size effect of the nanowires on the melting point 
was investigated. The results of their simulation indicate that the melting point of Ni nanowire is much lower than that of bulk Ni and is 
linear with the reciprocal of the nanowire diameter, which is similar to the experimental observation. Goudeli and Pratsinis [22] 
computed the melting point of Au nanoparticles using the many-body-embedded-atom method potential. Their results indicate that the 
melting point of Au nanoparticles decreases with the decreasing particle diameter. They also found the Au nanoparticle with a 
diameter of 10.0 nm had an almost same melting point as the bulk Au. Shibuta and Suzuki [23] performed an MD simulation and 
Nomenclature 
PCM Phase change material 
ss-PCM Shape-stabilised phase change material 
MD Molecular dynamics 
RDF Radial distribution function 
MSD Mean square displacement 
Tm Melting point 
Eij Pairwise interaction between two ions 
rij Distance between two ions 
Aij σij, Cij, Dij Born-Mayer-Huggins potential parameters 
ρ Ionic-pair dependent length parameter 
Ecoul Columbic interaction 
qi, qj Charge of ion i and j 
D Nanocluster diameter 
δi Lindemann index of ion i 
δL Local Lindemann index 
N Total ion number 
M Number of ions in one shell 
Rij Distance between ion i and ion j 
δ Global Lindemann index 
Etotal Total energy of the simulated system 
T Temperature 
t Simulation time 
S Ion self-diffusion coefficient 
gαβ Radial distribution function 
α β α–type and β–type ions 
ρβ Number density of β–type ion 
Nαβ Mean number of β–type ions 
M(t) Mean square displacement  
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studied the melting of Fe nanoclusters. Their results indicated that the melting point of Fe decreased linearly with the decreasing 
nanocluster size. The depression of melting point can also be found with nanoscale hydrocarbon. Chen et al. [24] investigated the 
melting point of C16H10 and C24H12. Their simulation results showed that the melting pointdecreased with the decreasing nanocluster 
diameter and it followed a linear function with the inverse diameter. 
However, few studies on the high-temperature PCMs, such as molten salt, can be found in the literature. The lack of the ther-
modynamic properties of these materials hinders the utilization of ss-PCMs in the high-temperature fields, e.g. concentrating solar 
power and industrial waste heat recovery. And the mechanism of the size dependence of melting point is still unclear. Hence, in the 
present study, we selected chloride salt eutectics and studied their melting point using the MD method not only to provide the most 
fundamental information for the study on phase change heat transfer but to reveal the mechanism of melting. In addition, the ion self- 
diffusion coefficient was computed to gain a better understanding of the thermal transport property of nanoscale PCMs. 
2. Methodology 
The molecular dynamics simulation is based on the statistical mechanics, i.e. the macroscopic property of the substance is expressed 
as the statistical law of the microscopic state of a large number of particles (such as atoms, molecules) [25]. In the MD simulation, the 
motion of particles obey the laws of classical mechanics and they evolve with time under the force field. Macroscopic properties are 
expressed as the functions of positions and momenta of particles in the system. They are computed through averaging over a large 
number of particles and over a long time of measurement. 
The general procedure of an MD simulation is that, first of all, the model system consisting of N particles is prepared. Then the 
Newton’s equations of motion are solved until the property of the system does not change with time anymore. After equilibration, the 
measurement is performed and the macroscopic properties are computed based on the functions of positions and momenta of particles 
in the system [26]. The detailed model system, force field, simulation details and expressions for computing desired properties in this 
study are shown as follows. 
Fig. 1. Schematic of constructing nanoclusters with different sizes. Green, red and blue spheres represent Na+, K+ and Cl− respectively. (a) 
Schematic of ionic association of binary NaCl–KCl; (b) Crystal structure of eutectic mixture; (c) Procedure of building nanoclusters; (d) Schematic of 
nanoclusters with different sizes. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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2.1. Nanocluster configuration 
Before running the MD simulation, nanoclusters of NaCl–KCl eutectics were built by using Biovia Materials Studio 19.1 package. 
Fig. 1 shows the schematic of constructing nanoclusters with different sizes, which include the ionic association of binary NaCl–KCl, 
the crystal structure, the procedure of building nanoclusters with different sizes. The crystal structure (Fig. 1(b)) of the eutectic mixture 
was integrated into nanoclusters. As Fig. 1(c) shows, the diameter of the spherical nanoclusters was set from 3.0 nm to 9.0 nm. Details 
of nanocluster configuration and simulated systems are listed in Table 1 and Table 2. The cvff force field was employed to optimize the 
structure of nanoclusters [27]. Then, nanoclusters with different sizes were constructed. Finally, the optimised crystal nanoclusters 
were used as the initial configuration for the MD simulation. 
2.2. Force field 
The Born-Mayer-Huggins pair potential has been proved to properly reproduce the pairwise interaction between ions in chloride 
salts [28]: 







where rij is the distance between two ions; Aij, σij, Cij and Dij are Born-Mayer-Huggins potential parameters; ρ is the ionic-pair 
dependent length parameter, taken as 0.332 Å, 0.327 Å, 0.312 Å for S-1, S-2 and S-3, respectively [29]. The first term in Eq. (1) 
represents Born-Huggins short distance repulsive force; the second term and the third term denote the van der Waals interactions [30, 
31]. The parameters of Born-Mayer-Huggins potential are provided in Table 3. 





where qi and qj are the charge of ion i and ion j. 
2.3. Simulation details 
The open-source software LAMMPS was employed to perform the MD simulation. The Born-Mayer-Huggins and Coulombic in-
teractions were truncated at 20 Å, with the long-range corrections being applied [33]. The particle-particle-particle-mesh (pppm) 
solver was used to compute long-range Coulombic interactions. Newton’s motion equations were solved through the Verlet algorithm 
with a time step of 1fs [32]. 
The simulated system was firstly subjected to energy minimization. Systems were equilibrated in the NPT ensemble for 1ns to relax 
to the desired pressure and temperature [34]. The pressure was fixed as 0.1 MPa while the temperature ranged from 300k to 1200k, 
covering both the solid and liquid state. During the simulation process, Nose-Hoover thermostat and barostat were employed to control 
the pressure and temperature. The damping parameters which determine how rapidly the temperature and pressure are relaxed were 
set as 100 fs and 500 fs, respectively. 
In all the simulations, the “multi constant temperature” method - rather than the “gradually heating and cooling” method - was 
adopted so that the system can be equilibrated at each specific temperature for a long enough time [24]. 
2.4. Calculated properties 
2.4.1. Melting point 
Lindemann index method has been proved to properly determine the melting point of nanoscale materials [22,24,35]. This method 
can not only characterise the thermal evolution of the whole system but the mobility of each individual atom. Lindemann index is a 














Nanocluster configuration.  
Nanocluster diameter, nm Number of ion pairs Total number of ions 
3.0 298 596 
4.0 750 1500 
5.0 1472 2944 
7.0 4060 8120 
9.0 8536 17072  
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where δi is the Lindemann index of ion i; N is the total ion number; Rij is the distance between ion i and ion j; the bracket denotes the 
ensemble average. 







The global Lindemann index characterises distance fluctuation between ions within an individual nanocluster. The melting point is 
identified as the temperature where the abrupt increase of global Lindemann index ends [22]. The principle is that the distance 
fluctuation between ions increases with the temperature. At the critical temperature, it cannot increase anymore unless destructing the 
crystal lattice, which remarks the phase transition. Thus, the abrupt increase of global Lindemann index indicates the phase transition. 
Due to the absence of experimental data of melting point of nanoscale NaCl–KCl, the potential energy method is also used to 
identify the melting point in order to validate the reliability of Lindemann index method. At the solid state, the potential energy of the 
system increases gradually with the increasing temperature. At the melting point, it increases abruptly. After melting, the potential 
energy changes slowly with the temperature again. Thus, the melting point can is determined at the jump in the system potential 
energy [22]. 
2.4.2. Radial distribution function 









where α and β denote α–type ion and β–type ion, respectively; ρβ is the number density of β–type ion; Nαβ(r) is the mean number of 
β–type ions lying in a sphere of radius r centred on an α–type ion. 
2.4.3. Ion self-diffusion coefficient 
The ion self-diffusion coefficient characterises the thermal transport property of the molten salt. It is calculated from the mean 






|ri(t) − ri(0)|2 (6) 
The expression to calculate the time-dependent MSD is given by: 
M(t)= |ri(t) − ri(0)|2 (7)  
3. Results and discussions 
3.1. Simulation of bulk salts 
The bulk binary NaCl–KCl was also simulated to compare the thermodynamic properties with the nanoscale salts. The bulk system 
consisted of 8192 ions [32] and the schematic of the 50mol% NaCl system is shown in Fig. 2(a). The simulation of the bulk salts used 
the same force field and simulation details as mentioned in Section 2. RDFs of Na–Na, Na–K and Na–Cl were computed (1000K) and the 
Table 2 
Simulated systems with different component.  
System S-1 S-2 S-3 
Mole fraction of NaCl 0.25 0.5 0.75  
Table 3 
Born-Mayer-Huggins potential parameters for NaCl–KCl eutectic mixture [32].   
Aij/kcal mol− 1 σij/Å Cij/kcal mol− 1 Å6 Dij/kcal mol− 1 Å8 
Na–Na 6.0848 2.340 24.196 11.522 
Na–Cl 4.8676 2.755 161.301 200.187 
Na–K 6.0848 2.633 92.014 63.110 
K–K 6.0849 2.926 349.967 345.646 
K–Cl 4.8676 3.048 691.292 1051.34 





3416.854 (S-3)  
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results are presented in Fig. 2(b). The simulated results were compared with the literature value and showed good agreement, which 
validates the accuracy of the model used in this study. 
3.2. Melting point 
Fig. 3 shows the evolution of global Lindemann index of nanoscale NaCl–KCl mixture with different sizes. At 300K, the global 
Lindemann index is very small (less than 0.05). With the temperature increasing, the index becomes larger. At a certain temperature, 
the Lindemann index increases abruptly and the system becomes highly disordered, indicating melting. After the solid-liquid phase 
transition, the nanocluster completely lose its crystal structure and the Lindemann index remains at a high value [22]. The melting 
point is defined as the temperature where the jump of Lindemann index ends and the results are presented in Fig. 4. 
Fig. 4(a) shows the melting point of nanoscale NaCl–KCl mixture predicted by the Lindemann index method and the potential 
energy method. It is seen that the two methods predict almost the same melting point, which validates the accuracy of the simulation 
results. 
For many metal systems, the melting point follows a linear relation with the reciprocal of the size of nanoscale material, such as Ni 
nanowire [21] and Fe nanocluster [23]. The similar phenomenon is observed in some hydrocarbon systems, such as pyrene and 
coronene [24]. In Fig. 4(b), the melting point of nanoscale chloride mixture is plotted as a function of the inverse size. It is seen that like 
metal and hydrocarbon, the melting point of nanoscale chloride salt yield a linear dependence on the inverse size. The fitting formulas 
of the melting point of different systems as expressed as: 
Tm,S1 = 1012.6 − 957.4
/
D, R2 = 0.95 (8) 
Fig. 2. Schematic of the simulated bulk system, 50mol% NaCl (a) and comparison of RDF in this simulation (1000K) with the literature value [32] 
(b). Red, blue and yellow spheres represent Na+, K+ and Cl− respectively. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 
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Fig. 3. Global Lindemann index of nanoscale NaCl–KCl: (a) S-1, (b) S-2 and (c) S-3 system.  
Fig. 4. Melting point of nanoscale and bulk chloride salts. (a) Melting point of nanoscale binary NaCl–KCl mixture predicted by Lindemann index 
method (L method) and potential energy method (P method). (b) Variation of melting point with the reciprocal of nanocluster size. (c) Comparison 
of MD simulated and equation-predicted melting point of bulk chloride salts with experimental values [38]). (d) Variation of melting point 
with component. 
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Tm,S2 = 985.3 − 1153.4
/
D, R2 = 0.95 (9)  
Tm,S3 = 988.1 − 964.5
/
D, R2 = 0.96 (10) 
The melting point of the bulk chloride eutectics can be predicted by extrapolating the fitting formulas to the infinite size [24]. The 
melting point of the bulk salts is also simulated directly from the bulk system and the results are shown in Fig. 4(c). It is clear that the 
melting point from the direct MD simulation agrees well with the experimental data, which further verifies the reliability of the used 
model. However, the predicted melting point by extrapolating Eqs. 8–10 is obviously higher than the experimental results, especially 
Fig. 5. Comparison of Lindemann index distribution of S-2 system with different sizes: (a) 300K, (b) 400K, (c) 500K. (d) Relation of the global 
Lindemann index with melting point. 
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for the S-1 and S-2 system. It is reasonable because the size of the bulk salt is not infinite. For the bulk salt with a specific size, it is 
expected that its melting point is overpredicted by extrapolating the formula to the infinite size. 
Fig. 4(d) shows the melting point of different systems. To better present the component dependency, systems of 0% and 100% mol 
NaCl are also simulated in the current research and the results are added in Fig. 4(d). Thus the molecular fraction of NaCl in this figure 
ranges from 0 to 1. It is found that the melting point of the eutectic mixture is significantly lower than that of the pure salt and it reaches 
the minimum at 1:1 mol%. This phenomenon is also observed in the nitrate salt system [39,40]. It is noted that for different nano-
clusters, the component-dependency of melting point is different. For the 9 nm nanocluster, Tm is decreased by 170K from the pure 
NaCl system to the S-2 system while for the 3 nm nanocluster, the decrease is 350K. Overall, the component dependency of Tm becomes 
more significant as the nanocluster size decreases. 
3.3. Melting mechanism 
Lindemann index distributions (LIDs) of the S-2 system are presented in Fig. 5. At 300K, the Lindemann index of most ions is low for 
the reason that the ion vibration is restricted at low temperature. As the temperature increases, the Lindemann index becomes larger, 
suggesting that ions get more diffusive. And it is obvious that at the same temperature, 3 nm nanocluster has the larger Lindemann 
index compared to 4 nm and 5 nm ones, indicating that ions in the small cluster vibrate more intensively. 
The relation of global Lindemann index with the melting point is shown in Fig. 5(d). It is clear that 3 nm nanocluster has the largest 
global Lindemann index at any temperature but the lowest melting point. The variation of melting point may be attributed to the 
Lindemann index, i.e. the motion of ions. The large Lindemann index means the intense ion vibration. In other words, ions in small 
nanocluster vibrate more intensely. As the temperature further increases, the intensity of ion motion continues to increase and the 
crystal structure of smaller nanocluster is easier to be destroyed. Therefore, the smaller nanocluster has a lower melting point. 
Fig. 6. MSDs of molten NaCl–KCl eutectic (9 nm, S-1) at different temperatures: (a) K+ (b) Na+ (c) Cl−
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3.4. Ion self-diffusion coefficient 
Fig. 6 shows MSDs of molten NaCl–KCl mixture (9 nm, S-1) from 1000K to 1200K. Initially, the MSD curves are nonlinear. After 
30ps, i.e. the characteristic time, MSD increases linearly with time. The ion self-diffusion coefficient is calculated from the linear MSD 
curve. For the 3 nm, 5 nm and 9 nm nanocluster, the temperature range in the computation are 700K–1200K, 900K–1200K and 
1000K–1200K respectively. 
The computed ion self-diffusion coefficient of 3 nm, 5 nm and 9 nm binary salts is presented in Fig. 7. The coefficient of the bulk 
salts is also added in the figure for comparison. It is seen that the self-diffusion coefficient increases linearly with temperature, which is 
similar to bulk Na2CO3–K2CO3 mixture [20]. However, in terms of the component dependency, the self-diffusion coefficient hardly 
changes. For example, the self-diffusion coefficient of K+ at 1200K is 1.18, 1.20 and 1.18 × 10− 9 m2/s for the 9 nm S-1, S-2 and S-3 
system respectively. In addition, there is no significant difference in the self-diffusion coefficient among 3 nm, 5 nm 9 nm clusters. And 
the ion self-diffusion coefficient of nanoscale salts is almost the same as that of the bulk salt. This phenomenon may be attributed to the 
microstructure. 
The self-diffusion coefficient is an important parameter to characterise the thermal transport property of the molten salt. Some 
researchers used the heat transfer between ion clusters to explain the thermal transport phenomenon [19,32]. If the distance between 
ion clusters is decreased, the heat transfer between ion clusters and thus the thermal transport will be enhanced. As a result, the ion 
self-diffusion coefficient will become larger. The ion clusters can be demonstrated in RDF curves. RDFs of NaCl–KCl mixture at 1000K 
are shown in Fig. 8 to characterise the local structure of inorganic salt. For the 3 nm, 5 nm and 9 nm nanoclusters, the position of the 
first peak of cation-cation RDFs does not vary greatly, locating at around 4.05 Å for Na–Na RDF and 4.65 Å for K–K RDF. It suggests that 
the distance between ion clusters is almost the same for different nanoclusters [32]. Moreover, the first peak of cation-cation RDFs of 
the bulk salt locates at the same position. The ion self-diffusion coefficient characterises the thermal transport property of inorganic 
salt and it is affected by the heat transfer between ions. Therefore, the ion self-diffusion coefficient is not affected significantly by the 
nanocluster size and almost the same as that of the bulk salt. 
4. Conclusion 
Chloride salt eutectics are promising energy storage material and heat transfer medium for the concentrating solar power and 
industrial waste heat recovery. This paper investigated the melting point of nanoscale chloride mixture not only to provide the most 
fundamental thermal information for the study on phase change heat transfer in nanoporous ss-PCMs but to reveal the mechanism of 
the size dependence of melting point from the aspect of the atom. Simulation results indicate that the melting point of nanoscale 
chloride salt decreases with the decreasing nanocluster size and follows a linear relation with the reciprocal of the size. It is attributed 
Fig. 7. Ion self-diffusion coefficient of nanoscale and bulk NaCl–KCl eutectic.  
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that ions in the small nanocluster vibrate more intensely and the crystal structure is easier to be destroyed, leading to the lower melting 
point. Proposed formulas predict the melting point of nanoscale and bulk chloride mixture with reasonable accuracy. Moreover, it is 
found that the component dependency on the melting point becomes more remarkable as the nanocluster size decreases. 
The ion self-diffusion coefficient is not affected by the nanocluster size and it is consistent with that of the bulk salt. This is because 
the distance between ion clusters is almost the same for different nanoclusters. The heat transfer between ions and thus the ion self- 
diffusion coefficient is not affected significantly by the nanocluster size. 
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[1] L. Miró, J. Gasia, L.F. Cabeza, Thermal energy storage (TES) for industrial waste heat (IWH) recovery: a review, Appl. Energy 179 (2016) 284–301, https://doi. 
org/10.1016/j.apenergy.2016.06.147. 
[2] V. Soni, A. Kumar, V.K. Jain, Modeling of PCM melting: analysis of discrepancy between numerical and experimental results and energy storage performance, 
Energy 150 (2018) 190–204. https://10.1016/j.energy.2018.02.097. 
[3] S. Zhang, D. Feng, L. Shi, L. Wang, Y. Jin, L. Tian, Z. Li, G. Wang, L. Zhao, Y. Yan, A review of phase change heat transfer in shape-stabilized phase change 
materials (ss-PCMs) based on porous supports for thermal energy storage, Renew. Sustain. Energy Rev. 135 (2021) 110127, https://doi.org/10.1016/j. 
rser.2020.110127. 
[4] E.M. Shchukina, M. Graham, Z. Zheng, D.G. Shchukin, Nanoencapsulation of phase change materials for advanced thermal energy storage systems, Chem. Soc. 
Rev. 47 (11) (2018) 4156–4175, https://doi.org/10.1039/C8CS00099A. 
[5] J. Wang, M. Yang, Y. Lu, Z. Jin, L. Tan, H. Gao, S. Fan, W. Dong, G. Wang, Surface functionalization engineering driven crystallization behavior of polyethylene 
glycol confined in mesoporous silica for shape-stabilized phase change materials, Nanomater. Energy 19 (2016) 78–87, https://doi.org/10.1016/j. 
nanoen.2015.11.001. 
[6] X. Chen, H. Gao, M. Yang, W. Dong, X. Huang, A. Li, C. Dong, G. Wang, Highly graphitized 3D network carbon for shape-stabilized composite PCMs with 
superior thermal energy harvesting, Nanomater. Energy 49 (2018) 86–94, https://doi.org/10.1016/j.nanoen.2018.03.075. 
[7] J. Tang, M. Yang, F. Yu, X. Chen, L. Tan, G. Wang, 1-Octadecanol@ hierarchical porous polymer composite as a novel shape-stability phase change material for 
latent heat thermal energy storage, Appl. Energy 187 (2017) 514–522, https://doi.org/10.1016/j.apenergy.2016.11.043. 
[8] H. Gao, J. Wang, X. Chen, G. Wang, X. Huang, A. Li, W. Dong, Nanoconfinement effects on thermal properties of nanoporous shape-stabilized composite PCMs: a 
review, Nanomater. Energy 53 (2018) 769–797, https://doi.org/10.1016/j.nanoen.2018.09.007. 
Fig. 8. Radial distribution functions of nanoscale and bulk binary salts of S-2 system at 1000K  
S. Zhang and Y. Yan                                                                                                                                                                                                  
Case Studies in Thermal Engineering 25 (2021) 100973
12
[9] D. Feng, Y. Feng, L. Qiu, P. Li, Y. Zang, H. Zou, Z. Yu, X. Zhang, Review on nanoporous composite phase change materials: fabrication, characterization, 
enhancement and molecular simulation, Renew. Sustain. Energy Rev. 109 (2019) 578–605, https://doi.org/10.1016/j.rser.2019.04.041. 
[10] P. Zhang, Z.N. Meng, H. Zhu, Y.L. Wang, S.P. Peng, Melting heat transfer characteristics of a composite phase change material fabricated by paraffin and metal 
foam, Appl. Energy 185 (2017) 1971–1983, https://doi.org/10.1016/j.apenergy.2015.10.075. 
[11] P. Zhang, X. Xiao, Z.N. Meng, M. Li, Heat transfer characteristics of a molten-salt thermal energy storage unit with and without heat transfer enhancement, Appl. 
Energy 137 (2015) 758–772, https://doi.org/10.1016/j.apenergy.2014.10.004. 
[12] K.B. Lee, S.M. Lee, J. Cheon, Size-controlled synthesis of Pd nanowires using a mesoporous silica template via chemical vapor infiltration, Adv. Mater. 13 (7) 
(2001) 517–520, https://doi.org/10.1002/1521-4095(200104)13:7<517::AID-ADMA517>3.0.CO;2-8. 
[13] H. Petrova, J. Perez Juste, I. Pastoriza-Santos, G.V. Hartland, L.M. Liz-Marzán, P. Mulvaney, On the temperature stability of gold nanorods: comparison between 
thermal and ultrafast laser-induced heating, Phys. Chem. Chem. Phys. 8 (7) (2006) 814–821, https://doi.org/10.1039/B514644E. 
[14] M. Hu, X. Wang, G.V. Hartland, P. Mulvaney, J.P. Juste, J.E. Sader, Vibrational response of nanorods to ultrafast laser induced Heating: theoretical and 
experimental analysis, J. Am. Chem. Soc. 125 (48) (2003) 14925–14933, https://doi.org/10.1021/ja037443y. 
[15] X.W. Wang, G.T. Fei, K. Zheng, Z. Jin, L. De Zhang, Size-dependent melting behavior of Zn nanowire arrays, Appl. Phys. Lett. 88 (17) (2006) 173114, https:// 
doi.org/10.1063/1.2199469. 
[16] T. Nomura, C. Zhu, N. Sheng, K. Tabuchi, A. Sagara, T. Akiyama, Shape-stabilized phase change composite by impregnation of octadecane into mesoporous 
SiO2, Sol. Energy Mater. Sol. Cell. 143 (2015) 424–429, https://doi.org/10.1016/j.solmat.2015.07.028. 
[17] R.A. Mitran, D. Berger, C. Munteanu, C. Matei, Evaluation of different mesoporous silica supports for energy storage in shape-stabilized phase change materials 
with dual thermal responses, J. Phys. Chem. C 119 (27) (2015) 15177–15184, https://doi.org/10.1021/acs.jpcc.5b02608. 
[18] S. Liu, G. Ma, S. Xie, Y. Jia, J. Sun, Y. Jing, Diverting the phase transition behaviour of adipic acid via mesoporous silica confinement, RSC Adv. 6 (113) (2016) 
111787–111796, https://doi.org/10.1039/C6RA23498D. 
[19] G.-C. Pan, J. Ding, W. Wang, J. Lu, J. Li, X. Wei, Molecular simulations of the thermal and transport properties of alkali chloride salts for high-temperature 
thermal energy storage, Int. J. Heat Mass Tran. 103 (2016) 417–427, https://doi.org/10.1016/j.ijheatmasstransfer.2016.07.042. 
[20] G. Pan, X. Wei, C. Yu, Y. Lu, J. Li, J. Ding, W. Wang, J. Yan, Thermal performance of a binary carbonate molten eutectic salt for high-temperature energy storage 
applications, Appl. Energy 262 (2020) 114418, https://doi.org/10.1016/j.apenergy.2019.114418. 
[21] Y. Wen, Z. Zhu, R. Zhu, G. Shao, Size effects on the melting of nickel nanowires: a molecular dynamics study, Physica E 25 (1) (2004) 47–54, https://doi.org/ 
10.1016/j.physe.2004.06.048. 
[22] E. Goudeli, S.E. Pratsinis, Crystallinity dynamics of gold nanoparticles during sintering or coalescence, AlChE J 62 (2) (2016) 589–598, https://doi.org/ 
10.1002/aic.15125. 
[23] Y. Shibuta, T. Suzuki, Melting and nucleation of iron nanoparticles: a molecular dynamics study, Chem. Phys. Lett. 445 (4–6) (2007) 265–270, https://doi.org/ 
10.1016/j.cplett.2007.07.098. 
[24] D. Chen, T.S. Totton, J.W.J. Akroyd, S. Mosbach, M. Kraft, Size-dependent melting of polycyclic aromatic hydrocarbon nano-clusters: a molecular dynamics 
study, Carbon 67 (2014) 79–91, https://doi.org/10.1016/j.carbon.2013.09.058. 
[25] W. Krauth, Statistical Mechanics: Algorithms and Computations, Oxford University Press Inc., New York, 2006. 
[26] D. Frenkel, B. Smit, Understanding Molecular Simulation: from Algorithms to Applications, second ed., Academic Press, Inc., California, 2002. 
[27] T. Chakraborty, A. Hens, S. Kulashrestha, N.C. Murmu, P. Banerjee, Calculation of diffusion coefficient of long chain molecules using molecular dynamics, 
Physica E 69 (2015) 371–377, https://doi.org/10.1016/j.physe.2015.01.008. 
[28] W. Xie, J. Ding, G. Pan, Q. Fu, X. Wei, J. Lu, W. Wang, Heat and mass transportation properties of binary chloride salt as a high-temperature heat storage and 
transfer media, Sol. Energy Mater. Sol. Cell. 209 (2020) 110415, https://doi.org/10.1016/j.solmat.2020.110415. 
[29] B. Larsen, T. Førland, K. Singer, A Monte Carlo calculation of thermodynamic properties for the liquid NaCl+KCl mixture, Mol. Phys. 26 (6) (1973) 1521–1532, 
https://doi.org/10.1080/00268977300102671. 
[30] J.E. Mayer, Dispersion and polarizability and the van der Waals potential in the alkali halides, J. Chem. Phys. 1 (4) (1933) 270–279, https://doi.org/10.1063/ 
1.1749283. 
[31] F. Lantelme, P. Turq, Ionic dynamics in the LiCl–KCl system at liquid state, J. Chem. Phys. 77 (6) (1982) 3177–3187, https://doi.org/10.1063/1.444192. 
[32] J. Ding, G. Pan, L. Du, J. Lu, X. Wei, J. Li, W. Wang, J. Yan, Theoretical prediction of the local structures and transport properties of binary alkali chloride salts 
for concentrating solar power, Nanomater. Energy 39 (2017) 380–389, https://doi.org/10.1016/j.nanoen.2017.07.020. 
[33] S. Jayaraman, A.P. Thompson, O.A. von Lilienfeld, E.J. Maginn, Molecular simulation of the thermal and transport properties of three alkali nitrate salts, Ind. 
Eng. Chem. Res. 49 (2) (2010) 559–571, https://doi.org/10.1021/ie9007216. 
[34] H. Ni, J. Wu, Z. Sun, G. Lu, J. Yu, Molecular simulation of the structure and physical properties of alkali nitrate salts for thermal energy storage, Renew. Energy 
136 (2019) 955–967, https://doi.org/10.1016/j.renene.2019.01.044. 
[35] Y. Wen, H. Fang, Z. Zhu, S. Sun, A molecular dynamics study of shape transformation and melting of tetrahexahedral platinum nanoparticle, Chem. Phys. Lett. 
471 (4–6) (2009) 295–299, https://doi.org/10.1016/j.cplett.2009.02.062. 
[36] J. Wang, Z. Sun, G. Lu, J. Yu, Molecular dynamics simulations of the local structures and transport coefficients of molten alkali chlorides, J. Phys. Chem. B 118 
(34) (2014) 10196–10206, https://doi.org/10.1021/jp5050332. 
[37] J. Ding, L. Du, G. Pan, J. Lu, X. Wei, J. Li, W. Wang, J. Yan, Molecular dynamics simulations of the local structures and thermodynamic properties on molten 
alkali carbonate K2CO3, Appl. Energy 220 (2018) 536–544, https://doi.org/10.1016/j.apenergy.2018.03.116. 
[38] G.J. Janz, R.P.T. Tomkins, C.B. Allen, J.R. Downey Jr., G.L. Garner, U. Krebs, S.K. Singer, Molten salts: volume 4, part 2, chlorides and mixtures—electrical 
conductance, density, viscosity, and surface tension data, J. Phys. Chem. Ref. Data 4 (4) (1975) 871–1178, https://doi.org/10.1063/1.555527. 
[39] X. Xiao, P. Zhang, M. Li, Thermal characterization of nitrates and nitrates/expanded graphite mixture phase change materials for solar energy storage, Energy 
Convers. Manag. 73 (2013) 86–94, https://doi.org/10.1016/j.enconman.2013.04.007. 
[40] R.W. Berg, D.H. Kerridge, The NaNO 3/KNO 3 system: the position of the solidus and sub-solidus, Dalton Trans. (15) (2004) 2224–2229, https://doi.org/ 
10.1039/B403260H. 
S. Zhang and Y. Yan                                                                                                                                                                                                  
